Escherichia coli J96 is a uropathogen having both broad similarities to and striking differences from nonpathogenic, laboratory E. coli K-12. Strain J96 contains three large (>100-kb) unique genomic segments integrated on the chromosome; two are recognized as pathogenicity islands containing urovirulence genes. Additionally, the strain possesses a fourth smaller accessory segment of 28 kb and two deletions relative to strain K-12. We report an integrated physical and genetic map of the 5,120-kb J96 genome. The chromosome contains 26 NotI, 13 BlnI, and 7 I-CeuI macrorestriction sites. Macrorestriction mapping was rapidly accomplished by a novel transposon-based procedure: analysis of modified minitransposon insertions served to align the overlapping macrorestriction fragments generated by three different enzymes (each sharing a common cleavage site within the insert), thus integrating the three different digestion patterns and ordering the fragments. The resulting map, generated from a total of 54 mini-Tn10 insertions, was supplemented with auxanography and Southern analysis to indicate the positions of insertionally disrupted aminosynthetic genes and cloned virulence genes, respectively. Thus, it contains not only physical, macrorestriction landmarks but also the loci for eight housekeeping genes shared with strain K-12 and eight acknowledged urovirulence genes; the latter confirmed clustering of virulence genes at the large unique accessory chromosomal segments. The 115-kb J96 plasmid was resolved by pulsed-field gel electrophoresis in NotI digests. However, because the plasmid lacks restriction sites for the enzymes BlnI and I-CeuI, it was visualized in BlnI and I-CeuI digests only of derivatives carrying plasmid inserts artificially introducing these sites. Owing to an I-SceI site on the transposon, the plasmid could also be visualized and sized from plasmid insertion mutants after digestion with this enzyme. The insertional strains generated in construction of the integrated genomic map provide useful physical and genetic markers for further characterization of the J96 genome.
Bacterial urinary tract infections (UTI) are second in incidence only to those causing respiratory infections. They are most commonly seen for adult females but also observed for adult males and children. By the age of 30, one in four women will have experienced an acute uncomplicated UTI (15) . Following the first infection, as many as 27% will get a second infection within 6 months (15) . A common cause is ascending infection by enteric bacteria (27) . A select subset of Escherichia coli strains possessing certain virulence factors for attachment and infectivity account for the majority of severe cases. The uropathogenic strain J96 (O4:K6:H5), isolated from a human pyelonephritis patient (23) , was characterized by its unique binding attribute of D-mannose-resistant hemagglutination of human erythrocytes mediated by pyelonephritis-associated pili (pap) (10) . Subsequent studies have identified this strain as encoding four different adherence factors (products of pap, prs, foc, and fim), two alpha-hemolysins, and the cytotoxic necrotizing factor type 1 (10) . Fewer UTI E. coli strains have S fimbriae (sfa) that recognize sialyl(␣2-3)␤-Gal on receptors (19) , cross-talk regulation between prf and sfa (33) , or binding of the globoside series of glycosphingolipids Gal(␣1-4)Gal␤-to sheep erythrocytes and human uroepithelial cells (26) . Further, several of these virulence determinants are linked to particular chromosomal regions, termed pathogenicity islands I and II (Pai-I and Pai-II) (43) . More recently, it has been suggested that the rarely occurring pap adhesin types found in J96 represent a clonal group that may be associated epidemiologically with certain disease manifestations (26) .
The J96 genome size, of 5,120 kb, is near the upper limit of the range for natural E. coli isolates reported by Bergthorsson and Ochman (1a) . By multilocus electrophoretotyping, strain J96 is most closely related to three isolates from that study (ECOR 4, 13, and 14) with sizes of 4,580 to 4,950 kb; one of these (ECOR 14) was also uropathogenic, although the others were not known to be pathogens (2) . Size discrepancies between the genomes of strain J96 and other E. coli strains, including laboratory strain K-12, are partially accounted for by two large chromosomal additions that are specific to J96-like strains (10, 11, 20) . Correspondingly, two J96-K-12 polymorphisms at 64 and 94 min, measured by the crossing of macrorestriction landmarks between strains (37), occur at virulence genes carried at the loci as Pai-I and Pai-II (10, 11, 20) . Although initial detection of these pathogenicity islands in strain J96 relied on these genes cloned by their virulence phenotypes along with subsequent identification of overlapping cosmids (43) , detection of them has been carried out completely independently of virulence gene phenotypes by the technique of genetic clamping (37) .
Genomic macrorestriction maps have been constructed by strictly physical DNA analyses alone or by a combination of physical and genetic analyses, each method having benefits and pitfalls (13, 38, 39) . In every method, however, there is the requirement for overlapping or second-dimension data that will allow the ordering of anonymous macrorestriction fragments, for example, with double enzymatic digests (12) or through hybridization analysis with cloned sequences that integrate genetic and physical data (39) . Specialized transposable elements carrying a battery of rare restriction sites (29) provide the opportunity for similar overlapping data because they serve to integrate at transposon insertion sites the macrorestriction patterns generated by different rare-cutter enzymes (36) . That is, the use of more than one enzyme (in this case, NotI, BlnI, and I-CeuI) for restriction of genomic DNAs of multiple insertion-bearing strains provides overlapping or second-dimension data for ordering the fragments from individual enzyme digests. Collection of this type of overlapping data also reveals the presence of plasmids and the comigration of multiple chromosomal fragments as single bands in the enzyme digestion patterns. Finally, the insertions used in the mapping also represent useful genetic and physical landmarks for more detailed analysis of the genome.
Recently, we have identified two additional accessory chromosomal segments and two deletions within uropathogenic E. coli J96 relative to the nonpathogenic strain K-12 (37) . In order to identify and/or verify the sizes and locations of these elements (and those of Pai-I and Pai-II), we have constructed a genomic map of strain J96. We demonstrate that the general method for de novo mutations inserting mini-Tn10 transposable elements (36) provides a rapid means for characterizing the J96 genome. Further, the specific Tn10dRCP2 insertional variants used to construct the genomic map provide a means for identifying other pathogen-specific DNA sequences by comparative macrorestriction analysis (37) . This provides a platform for a further comparison within the subgroup of uropathogens that might reveal strain-specific DNAs that contribute to the diversity of epidemiologic associations (17, 25, 45) .
MATERIALS AND METHODS
Bacterial strains in this study. The bacterial strains used in this study are listed in Tables 1, 2, and 3 .
Microbiological techniques. Bacterial strains were grown in Luria-Bertani medium (LB) with aeration or on solid LB or M9-glucose (32) . Media were supplemented with kanamycin (25 g/ml) or spectinomycin (100 g/ml) as required. Cultures were incubated at 37°C. Cells were stored long-term by suspending them in LB-glycerol (80%/20% [vol/vol]) and cooling them to Ϫ80°C. Bacteriophage stocks were grown and stored as described by Sternberg and Maurer (42) . De novo insertion mutants of E. coli strain J96 containing single Tn10dKanRCP2 or Tn10dSpcRCP2 insertions were generated by electroporation with plasmid pGI290 or pGI300, respectively, as previously described for strain K-12 (36) . Double insertion mutants of strain MG1655 and single and double insertion mutants of strain J96 were generated by transducing recipient strains with P1⌬damrev6 lysates of MG1655 insertion mutants (36) . Each Tn10dRCP2 insertion was mapped, and the genome structure was assessed by pulsed-field gel electrophoresis (PFGE) following NotI, BlnI, or I-CeuI digestion. Genome structure, assessed by PFGE in up to six independent isolates from each transduction, was used to confirm P1 transduction fidelity and lack of transduction-associated rearrangements.
PFGE. Genomic DNAs were purified from 5-ml overnight cultures of wildtype and insertionally mutagenized E. coli strain J96 in a manner suitable for yielding macrorestriction fragments (50 to 1,000 kb), as described previously (36) . After digestion of agarose-embedded DNAs with I-CeuI (New England BioLabs, Beverly, Mass.) for 1 h, NotI (New England BioLabs) for 3 to 4 h, or BlnI (Panvera, Madison, Wis.) overnight, according to the manufacturers' directions, and after reaction buffer decanting, dots were melted (70°C) and gently pipetted with 200-l tips into sample wells in 1.3% (wt/vol) Bio-Rad (Hercules, Calif.) PFGE-approved agarose (FMC, Portland, Maine) gels for electrophoresis in 0.5ϫ TBE buffer (0.045 M Tris [pH 8.0] containing 0.045 M boric acid and 0.001 M EDTA) in a contour-clamped homogeneous electric field PFGE apparatus (DRIII; Bio-Rad) according to the manufacturer's instructions. Pulsedfield ramping parameters were determined as described elsewhere (3) . After electrophoresis of samples with Megabase I and/or II DNA standards (Gibco/ BRL, Bethesda, Md.), fragment sizes were quantitated as described elsewhere (21) .
Southern blot analysis. J96 virulence genes were identified through the hybridization of digoxigenin-labeled specific oligonucleotide probes for the ompT, sfa, papG, capIII, hly, prsG, cat-1, and fim genes by employing the conditions previously described (16) .
RESULTS
Initial characterization of E. coli strain J96: genomic macrorestriction digestion patterns generated with NotI, BlnI, and I-CeuI. Macrorestriction digests of purified total genomic DNA from strain J96 with the enzymes NotI, BlnI, and I-CeuI yielded 26, 13, and 7 macrorestriction fragments, respectively (Fig. 1A) . Previous work has shown that the highly conserved recognition sequence for the intron-encoded endonuclease ICeuI is contained in the rrl 23S ribosomal genes. There are seven such ribosomal clusters in E. coli, yielding seven fragments. The less well conserved sites for the enzyme BlnI are often found within several of the rrs 16S ribosomal genes, yielding identically sized fragments between BlnI and I-CeuI digests whenever sites occur in the same pair of adjacent ribosomal clusters. This is the case for four of the seven I-CeuI fragments corresponding to the occurrence of sites for BlnI and I-CeuI in rrnA, -B, -C, -D, and -E. It is likely that the other three rrn clusters carry both BlnI and I-CeuI sites but that the BlnI fragments are interrupted by the occurrence of other BlnI sites. It should be noted that we chose a level of resolution that ignores the existence of very small fragments, too small to be easily resolved by PFGE (e.g., Ͻ5 kb), even though they most likely exist at least for the BlnI (also known as AvrII) digests (14) . The size of the genome, as determined by the sum of all restriction fragments for each enzyme, illustrated in Fig. 1B , was measured as 5,130 kb for NotI, 5,120 kb for BlnI, and 5,120 kb for I-CeuI, for an average of 5,123 kb.
Altered macrorestriction patterns of J96 insertion mutants. Several methods have been used to order the anonymous fragments from an enzyme digest (13, 39) , each with some strategy that yields internally consistent two-dimensional or overlapping data. Herein, random mutagenesis of the J96 genome was carried out with the modified Tn10 elements Tn10dKanRCP2 and Tn10dSpcRCP2 (29) , as has been previously described for strain K-12 (36) . A typical macrorestriction analysis of two Tn10dRCP2 insertions within J96 strains M4354 and M4353 is shown in J96 genomic map assembly: macrorestriction positions of the Tn10dRCP2 insertions. For the J96 genomic map assembly, shown in Fig. 3 , end-to-end alignments were constructed from a selected subset of representative Tn10dRCP2 insertionbearing J96 strains (Table 2) . Initially, 362 presumptive J96 insertion mutants were isolated. Of these initial isolates, 182 were screened concurrently with NotI and BlnI, 102 were digested with NotI only, 4 were digested with BlnI only, 4 did (Fig. 3 , areas highlighted in gray), were not interrupted by an RCP2 insertion and were positioned by cross-digest hybridizations and/or double macrorestriction digestions. An example of Southern analysis used in positioning band X N is shown in Fig. 4 . In an initial screen across the genome, the RCP2-bearing (J96::RCP2) derivative M4312 was digested with BlnI. Strain strains suggested that these two NotI fragments were adjacent fragments. This was confirmed through Southern analysis, with fragment W N hybridizing to both bands H B and I B (data not shown). The H N -T N overhangs did not close, with bands H N and T N forming NotI overhangs of 25 and 60 kb, respectively, suggesting 85 kb of missing BlnI fragment(s). One possible explanation is that this 85-kb gap was indicative of three different restriction fragments forming the lowest-molecularweight band in the BlnI digest. This is supported not only by the size of the NotI overhangs identified for bands T N and H N through insertion of the RCP2 element, but also by the much higher hybridization signal intensity of the lowest-molecularweight BlnI band to band T N than to band H N . Finally, when the counterclockwise NotI subfragment of band T N generated in a NotI digest of insertion strain M4329 was excised from a PFGE gel and subjected to a second enzymatic digestion with BlnI, it yielded three subfragments (data not shown). This indicated two BlnI sites within band T N in addition to the one within band H N . Given these overlapping relationships, the J96 macrorestriction map could be drawn in the linearized fashion shown in Fig. 3 .
Confirmation of plasmid DNA in the macrorestriction digests of J96. Fragment Q N from strain J96 was confirmed to contain plasmid DNA by the closed-circular topology of its undigested precursor. From the above-mentioned collection of 362 isolates, seven different J96::Tn10dRCP2 mutants were found carrying insertions that disrupted band Q N . These were at different loci on the fragment, as they resulted in different pairs of NotI subfragments by PFGE, all totaling 115 kb. Owing to the closed-circular topology of fragment Q N 's precursor, however, each insertion also resulted in single bands of identical sizes (115 kb) following digestion with BlnI, I-CeuI, or I-SceI (all of which, in addition to NotI, cleave within the RCP2 element [29] ). NotI and I-SceI analyses from two of these insertion mutants, strains M4357 and M4358, are shown in Fig. 5 . The absence of 115-kb plasmid bands in BlnI, I-CeuI, and I-SceI digests from wild-type J96 and its derivatives lacking plasmid insertions (results not shown) was consistent with the failure of large closed-circular DNAs to migrate into pulsedfield gels (3).
Mapping of auxotrophies, rrl genes, and virulence factors. An advantage of physical mapping with rare-restriction site insertions, compared to Southern hybridizations or secondenzyme redigestions of excised bands, is that the restriction landmarks needed for physical mapping can be generated in insertion mutants that are also useful in genetic mapping. Thus, the use of Tn10dRCP2 insertions can be employed to develop functional (i.e., biochemical-genetic) correlations with the J96 physical map. Eight different insertions that contributed to physical mapping were found to also cause J96 auxotrophies that, by a combination of auxanography and map location, could be inferred to interrupt homologs of genes previously described for strain K-12 (36) . Thus, these insertions allowed integration of the newly constructed (and largely featureless) J96 physical map with the extensively characterized E. coli genetic map.
Additional functional correlations with the J96 physical map were identified through the conservation of native I-CeuI sites within 23S ribosomal (rrl) genes (28) and by Southern analyses to localize known virulence genes. The seven rrl genes, conserved throughout E. coli and, indeed, throughout the family Enterobacteriaceae, were located at the cleavage sites from I-CeuI digestion; the positions of these seven sites were consistent with overall conservation of E. coli chromosomal organization (28 (Fig. 6) . Six of these eight virulence genes were found, as expected, at sequences corresponding to the locations of either of the two well-studied J96 pathogenicity islands, Pai-I and Pai-II (10, 11, 20) . Of note, the group II capsule (kpsMT) genes hybridized to the two nonadjacent NotI fragments B N and U N . This is explained, at least in part, by an insertion of Pai-I between fragments B N and U N and was consistent with the lack of group II capsule expression characterizing strain J96. The foc genes, encoding F1C pili, were localized (hybridization with sfa) to 25 min (34, 40) . This is the same region containing the closely related sfa genes in newborn sepsis-associated E. coli strain K1 (37) .
DISCUSSION
Rare cutting restriction endonucleases and PFGE are very powerful tools for the study of bacterial genomes. Whole genomes have been analyzed in the manner traditionally available only for plasmid-sized DNAs, allowing strains to be characterized (i) by physical mapping for the analysis of genomic organization and gene locus relationships (4, 6, 8, 31, 37) , (ii) through genomic macrorestriction fingerprinting for population analysis and epidemiologic studies (36), (iii) through intraand interspecies comparative genomics (9, 37) , and (iv) by nucleotide sequence after fragmentation of the genome into contiguous and/or nonoverlapping segments (5, 7, 30) . Ultimately, a macrorestriction map from a given strain integrated with the species' genetic map may provide a critical step in studying that strain's uniqueness. While sequencing efforts are rapidly increasing the details available for various prototypic genomes, the costs are generally too great to resequence even the major variants in a given species. Indeed, comparative macrorestriction mapping guided by the genetic map shared by different copies may provide a significant cost savings by identifying the copy-specific DNAs to be sequenced while avoiding coinherited sequences. Thus, characterization of the various different copies of a bacterial genome through assembly of their physical maps provides a useful first step toward comprehensive description of the species' genome.
Recently, we have identified two additional accessory chromosomal segments and two deletions within the uropathogenic E. coli strain J96 relative to the nonpathogenic strain K-12 (37) . In order to identify and verify the sizes and locations of these elements (and those of Pai-I and Pai-II), we constructed a genomic map from J96. We demonstrate that the general method for de novo mutations inserting mini-Tn10 transposable elements (36) provides a rapid means for physical and genetic mapping of the J96 genome.
The J96 physical map was determined from (i) the ordering of insertions made possible by their localization in overlapping domains of NotI, BlnI, and/or I-CeuI fragments and (ii) the orienting of subfragments generated by cleavages at insertion sites made possible by the inevitability that a given pair of J96::Tn10dRCP2 insertions must lie precisely the same distance apart regardless of whether by NotI, BlnI, or I-CeuI mapping. Digestions of E. coli J96 genomic DNA with either NotI, BlnI, or I-CeuI yielded 27, 11, and 7 genomic fragments, respectively. From the macrorestriction analyses, the total size for the J96 genome was 5,120 kb; this is compared with 4,640 kb for the genome of laboratory strain K-12 (37) . Digestion with I-SceI yielded no fragments, consistent with the expected lack of native I-SceI sites (41, 44) . These native macrorestriction patterns from strain J96, although allowing fingerprinting and preliminary sizing of the genome, failed to provide conclusive evidence of doublet, triplet, or plasmid bands, or any evidence of the end-to-end alignments of chromosomal fragments. Thus, further characterization was carried out by mutagenesis with Tn10dRCP2 minitransposons.
The mini-Tn10-based transposons Tn10dKanRCP2 and Tn10dSpcRCP2 were used to characterize the J96 genome in a number of ways. First, Tn10dRCP2 insertions were used to determine the end-to-end alignments of native chromosomal Fig. 1 . Sizes of the subfragments generated by insertion in different macrorestriction backgrounds are shown adjacent to the dotted lines on either side. The Tn10dRCP2 insertions are labeled above each wedge by the insertion mutant from which they were isolated. The Tn10dRCP2 insertions causing auxotrophies are depicted by ovals labeled 1 to 7 and phenotype. Putative locations of the seven rrl genes, each at a native I-CeuI site, are shown.
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INTEGRATED GENOMIC MAP FROM UROPATHOGENIC E. COLI J96 5939 genetically mapped clones or (ii) double digestions (at exclusively native sites) of excised bands, end-to-end alignments and map assembly were performed in this instance by the integration of macrorestriction patterns inherent with insertions carrying the RCP2 element. Employing this strategy, a single large contig of overlapping chromosomal NotI, BlnI, and I-CeuI fragments that had interdigitating NotI-BlnI-I-CeuI ends at NotI fragments I and W (fragments I N and W N ) was assembled. Circularization at these ends was confirmed by Southern hybridization of BlnI fragment I (fragment I B ) with fragments I N and W N . In addition, fragments X N and Y N ; fragments K B , L B , and M B ; and fragment F C , all Ͻ40 kb and in total representing Ͻ3% of the J96 chromosome, were uninterrupted by insertions and consequently were positioned by Southern hybridizations. Second, Tn10dRCP2 insertions were used to detect doublet and triplet bands in the NotI, BlnI, and I-CeuI restriction patterns from the wild-type strain. These were detected by separate interruption of each fragment contributing to the native NotI, BlnI, and I-CeuI restriction patterns. Where possible, demonstration of doublet and triplet bands was made by introduction of multiple insertions conferring resistance to different antibiotics in the same strain. The advantage of distinguishing multiplet bands in this way, in physical mapping with rare-restriction site insertions, is unavailable by traditional methods. In addition, the restriction landmarks used in physical mapping are insertion mutations that can also be useful in genetic mapping.
Third, Tn10dRCP2 insertions were used to demonstrate the closed-circular topology of a J96 plasmid band. I-SceI digestion of genomic DNA from J96 mutants carrying independent Tn10dRCP2 insertions generated identical bands of the same size as the 13th largest native NotI band, Q N , of 115 kb. The insertions' locations at different sites in fragment Q N were confirmed by the different subfragment pairs generated from these mutants. Thus, the 115-kb band Q N from wild-type J96 contained plasmid DNA that was linearized by a native NotI site.
A fourth use of Tn10dRCP2 insertions was to develop functional (biochemical-genetic) correlations with the J96 physical map. Eight different insertions that contributed to physical mapping were found to also cause J96 auxotrophies that, by a combination of auxanography and map location, could be inferred to interrupt homologs of genes previously described for strain K-12. Thus, these insertions allowed integration of the newly constructed (and largely featureless) J96 physical map with the extensively characterized E. coli genetic map (9) .
Additionally, two functional correlations of the J96 physical map with the E. coli genetic map were the conservation of native I-CeuI sites within rrl sequences (28) and that by Southern hybridization to known J96 virulence genes. These seven rrl genes conserved throughout the E. coli species and, indeed, throughout the family Enterobacteriaceae were located at the I-CeuI cleavage sites. The positions of these seven sites were consistent with overall conservation of E. coli chromosomal organization of the rrl loci (28) .
Eight acknowledged virulence genes were localized to sequences between native rare restriction sites by hybridizations to overlapping NotI and BlnI fragments. Six of these eight virulence genes were found, as expected, at sequences corresponding to the locations of either of the two J96 pathogenicity islands Pai-4 (also called Pai-I) and Pai-5 (also called Pai-II). These pathogenic polymorphisms have been detected by the crossing of Tn10dRCP2 alleles between strains K-12 and J96 to allow alignment of their chromosomes' physical maps into heteroduplex-like structures (9) . Also, the foc genes, encoding F1C pili, were mapped to 25 min (35, 40) , the same region containing the related sfa genes in newborn sepsis-associated E. coli (37) .
Thus, integrated physical-genetic maps of genomes afford important advantages that remain beyond our reach by either physical or genetic mapping alone. Nevertheless, owing largely to the techniques that have been available, physical maps and genetic maps have been traditionally viewed independently of one another, with integration taking place only at stages subsequent to complete assembly. Although the current trend is for physical mapping to proceed from the long range (macrorestriction maps), to the mid-range (ordered overlapping clones) to the detailed (primary nucleotide sequence) entirely apart from any systematic genetic integration, the transposonbased mapping demonstrated herein affords such integration, which is useful for intraspecies comparisons in E. coli and other bacteria. Since the E. coli genetic map is conserved species-wide (22) , Tn10dRCP2 insertions crossed between different uropathogenic isolates can be employed to generate macrorestriction map correspondences and, consequently, in pairs, allow determination of regions of macrorestriction fragment length isomorphism and polymorphism (37) . Thus, the 54 Tn10dRCP2 insertion-bearing J96 mutants described herein each generate (regardless of the interrupted gene) both an RCP2 resistance allele and an RCP2 restriction landmark. These can be used not only in physical mapping to accurately position other insertions but also in "genetic clamping" (genetic inference of physical-map correspondences between strains or lineages) (37) . These specific Tn10dRCP2 insertional variants provide a means for identifying other pathogen-specific DNAs and for carrying out comparative genomic analysis (37) . Thus, they provide a platform for a further comparison within the subgroup of uropathogens that might reveal strain-specific DNAs that contribute to the diversity of epidemiologic associations (17, 25, 45) . Future analyses may reveal genetic polymorphisms accounting for uropathogenic strainspecific traits, including pathogenicity or the molecular evolution of new virulent strains and potential therapeutic targets.
